Previous analysis of rnitochondrial DNA polymorphism in the native range of the European rabbit (Oryctolagus cuniculus) demonstrated the occurrence of two highly divergent (2 Myr) maternal lineages with a well-defined geographical distribution. Analysis of both protein and immunoglobulin polymorphisms are highly concordant with this pattern of differentiation. However, the present analysis of nine polymorphic microsatellite loci (with a total of 169 alleles) in 24 wild populations reveals severe allele-size homoplasy which vastly underestimates divergence between the main groups of populations in Iberia. Nonetheless, when applied to more recent historical phenomena, this same data set not only confirms the occurrence of a strong bottleneck associated with the colonization of Mediterranean France but also suggests a two-step dispersal scenario that began with gene flow from northern Spain through the Pyrenean barrier and subsequent range expansion into northern France. The strength and appropriateness of applying microsatellites to more recent evolutionary questions is highlighted by the fact that both mtDNA and protein markers lacked the allelic diversity necessary to properly evaluate the colonization of France. The welldocumented natural history of European rabbit populations provides an unusually comprehensive framework within which one can appraise the advantages and limitations of microsatellite markers in revealing patterns of genetic differentiation that have occurred across varying degrees of evolutionary time. The degree of size homoplasy presented in our data should serve as a warning to those drawing conclusions from microsatellite data sets which lack a set of complementary comparative markers, or involve long periods of evolutionary history, even within a single species.
Introduction
The well-documented history of the European rabbit (Oryctolagus cuniculus) offers an excellent phylogeographic framework within which one can test the efficacy of using different genetic markers (mtDNA, proteins, microsatellites) to uncover intraspecific evolutionary history. Fossil data and archaeological remains suggest that the species arose in the southern half of the Iberian Peninsula at least 1 MYA (Lopez-Martinez 1989; Callou 1995) and was able to extend its range through the Pyrenean bamer into Mediterranean France ca. 500,000 years ago (Pages 1980) . However, Donard (1982) suggested that the Mediterranean region has undergone several episodes of extinction and recolonization and present-day populations of France have a much more recent origin. This hypothesis is concordant with the characterization of a genetic bottleneck using mtDNA (Monnerot et al. 1994; Hardy et al. 1995; Bran-CO, Ferrand, and Monnerot 2000) as well as nuclear markers, namely immunoglobulins (van der Loo, Ferrand, and Soriguer 1991; van der Loo et al. 1999 ) and protein polymorphism (Ferrand 1995; Ferrand and Bran-CO, unpublished data) . Under this scenario, it was not until the Middle Ages that the rabbit's geographic distribution expanded from southern to northern France and (Callou 1995) . While introductions in northern Africa and Mediterranean islands occurred as early as 3,000 years ago (Vigne 1988; Dobson 1998 ) the Middle Ages represent the most important period of expansion for a species that has subsequently shown a remarkable ability to colonize new territories, being now found in most of Australia and New Zealand, portions of South America, and in more than 800 islands throughout the world (Flux and Fullagar 1983) .
Several studies based on mitochondrial DNA polymorphism within the rabbit's native range reveal two highly divergent (at least 2 Myr) maternal lineages, each with a well-defined geographical distribution: one lineage occurs in southwestern Iberia and the other in northeastern Spain, France, and in domestic breeds (Biju-Duval et al. 1991; Monnerot et al. 1994) . Recently, Branco, Ferrand, and Monnerot (2000) provided a more comprehensive picture of mtDNA variation within the Iberian Peninsula, reporting the existence of a relatively narrow contact zone for the two maternal lineages that bisects the peninsula along a northwest-southeast axis. Analysis of 20 polymorphic protein loci exhibiting more than 100 alleles also reveals two major groups of population~ coincident with the mtDNA subdivision (Ferrand 1995; Ferrand and Branco, unpublished data) as does the analysis of immunoglobulin polymorphism (van der Loo, Ferrand. and Soriguer 1991; van der LOO et al. 1999) . Collectively, these data suggest that these population groups evolved separately for a significant period of time before a hybrid zone was formed following more recent secondary contact. Additionally, significant loss of genetic variability in populations north of 2170 Queney et al. Sac Iberian Peninsula the Pyrenees relative to those in the south, seen at both mtDNA and polymorphic protein loci, indicates a genetic bottleneck associated with the postglacial expansion of the rabbit from its pan-Iberian distribution area.
Within this phylogeographic framework, we screened a set of microsatellite markers to evaluate, on a finer scale, current hypotheses concerning both the rabbit's evolutionary past and its initial stages of geographic expansion. We are particularly interested in addressing two questions: (1) how informative are microsatellites in revealing the deep genetic divergence between groups of populations, and (2) can microsatellites reveal the pattern of a recent population expansion across France, a phenomenon that allozymes and mtDNA have failed to elucidate with any degree of explanatory resolution.
Materials and Methods Sampling
Blood or tissue samples were collected from 24 populations (N = 829) located across the Iberian Peninsula and France. Sampling was designed to represent the original native range of the rabbit (i.e., Iberia), and France, the initial area of expansion outside the Iberian Peninsula (Callou 1995) . The contact zone between the two ancestral maternal lineages in Iberia, reported by Branco, Ferrand, and Monnerot (2000) , was excluded. The sampled populations correspond to three geographic regions ( fig. 1): (1) the southwestern Iberian Peninsula (SWIP) consisting of SantarCm (San) and Idanha (Ida) in Portugal, and Huelva (Hue), DoHana (Don) and Las Lomas (Llo) in southern Spain; (2) the northeastern Iberian Peninsula (NEIP) containing Alicante (Ali) in eastern Spain and Caparosso (Cap), Peralta (Per), Tudela (Tud), Tarragona (Tar), and LCrida (Ler) in northern Spain; and (3) France (FR) containing Perpignan (Prp), Estagnol (Est), Villeneuve (Vil), Fos sur mer (Fos), la Tour du Valat (Tdv), Carlucet (Car), Abadia (Aba), Arjuzanx (Arj), Vaulx-en-Velin (Vau), Ferribre (Fer), Saclay (Sac), Versailles (Ver) and Gerstheim (Ger).
Microsatellite Typing
Whole genomic DNA was extracted with either a standard phenol-chloroform protocol or in Qiagen columns (QIAamp kit). A total of eight dinucleotide and one tetranucleotide loci was chosen (Mougel, Mounolou, and Monnerot 1997 ) from gene banks (sat2, sat3, and sat4) or isolated from a genomic library (sat5, sat7, sat8, satl2, sat 13, and satl6). Some microsatellite typing was achieved with radioactive-labeling, single locus PCR, and 6% polyacrylamide gels (Mougel, Mounolou, and Monnerot 1997) , while most was accomplished with multiplex PCR, fluorescently labeled primers, and an AB1 310 (Applied Biosystems) automated sequencer (Queney 2000, p. 202) . To ensure that there was no bias in allele detection or sizing, three populations (Saclay, SantarCm and Las Lomas) were scored with both methods.
Statistical Analysis
Comparative measures of genetic diversity for each population were calculated in the form of allelic diversity (total number of alleles, mean number of alleles per locus, and private alleles), observed heterozygosity, and nonbiased expected heterozygosity (Nei 1987 ) using the program GENETIX (Belkhir et al. 1996 ). Hardy-Weinberg equilibrium (HWE) was evaluated for all loci across all populations, and linkage disequilibrium between pairs of loci was evaluated using GENEPOP software (Raymond and Rousset 1995) . Statistical significance was determined using Bonferroni correction (Rice 1989) . To enable large-scale inferences on the relation of major groups of rabbit populations and their expansion outside Iberia, diversity indices were averaged across all loci, and a mean value was calculated for each of the three geographical groups of populations (SWIP, NEIP, and FR). A Wilcoxon-Mann-Whitney test was used to test for significant differences in allelic diversity or heterozygosity across these three groups. All tests were conducted separately for each measure of diversity, using STATVIEW (Abacus Concepts Inc., Berkeley, Calif.).
To estimate gene flow within and among groups of populations, estimators of FsT (0) and their 95% confidence intervals (bootstrapping over loci) were calculated using FSTAT (Goudet 1995) . Estimates of FsT for microsatellite data were compared to available data on these populations based on mtDNA RFLPs and polymorphic protein loci.
To depict the genetic relationships among all population~, networks were generated using the NeighborJoining (NJ) algorithm with the program NEIGHBOR in the PHYLIP package. Because there is still consid- erable debate over the merits and drawbacks of various microsatellite-based genetic distances, we used five different matrices of genetic distances as input for the NJ algorithm. Nei's standard distance (Nei 1987 ) was chosen as it assumes an infinite allele model (Kimura and Crow 1964) , whereas three microsatellite-specific measures: dk2 (Goldstein et al. 1995) , Dsw (Shriver et al. 1995) , and RsT (Slatkin 1995) all assume a stepwise mutation model (Ohta and Kimura 1973) but may differ in how they reflect varying amounts of drift and mutation. Finally, the simple allele-sharing statistic DAs (Bowcock et al. 1994 ) was used to represent a measure which makes no evolutionary assumptions. Nei's distances were calculated between all populations using GENDIST in the PHYLIP package (Felsenstein 1993) while all other distances were calculated using MICRO-SAT (Minch 1996) .
Results

Genetic Diversity
One pair of loci (sat2 and sat4) revealed significant linkage disequilibrium for most populations (P < 0.001). These two loci are known to occur within the mammalian casein gene cluster (Threadgill and Womack 1990; Archibald 1994 ) and thus physical linkage is most probable. Few departures from HWE were detected at individual loci, and none for populations across all loci (using a Bonferroni correction) when the sat16 locus was removed. This locus had a suspected null allele, which resulted in strong departures from equilibrium in some populations (Queney 2000, p. 202) . The mean total number of alleles (a) and expected heterozygosity (H,) were highest in SWIP populations (a = 83.8, H, = 0.823) slightly lower in NEIP (a = 70.5, H,= 0.777), and lowest in populations of France (a = 46.8, H, = 0.644), conforming to our expectations of reduced genetic diversity in the area of initial geographic expansion compared to Iberian refugia (table 1) . However, there were no significant differences in allelic diversity (P = 0.144) between SWIP and NEIP, whereas Iberian populations were significantly more diverse than populations in France (P < 0.01, table 1). There was a large difference in the number of private alleles (defined here as alleles found in a single population throughout the study region) between SWIP (27) and both NEIP (4) and FR (5); the similar numbers for NEIP and FR probably reflect the much higher sampling effort in FR. Populations in France exhibited a total of 93 alleles which, except for six alleles not found in Iberia, appeared to represent a subset (ca. 55%) of the allelic di- versity found in all populations. The Iberian regions were considerably more diverse, with NEIP containing 74% and SWIP 86% of the total number of alleles found in the study. Allelic frequencies at each locus summed over all populations are given in figure 2 and are available on the web for each of the 24 populations (ftp.cgm.cnrs-gif.fr/pub/genevoVrabbit~pop~freq.xls).
Genetic Structuring
Population differentiation is presented in table 2. FsT values within the Iberian regions NEIP (0.074) and SWIP (0.055) were low compared to previous estimates obtained using mtDNA (Branco, Ferrand, and Monnerot 2000) and protein data (Ferrand 1995; Ferrand and Branco, unpublished data) . However, in France, a region of low genetic diversity, the overall FsT estimate was actually higher (0.140) than that calculated for either Iberian region. FR populations exhibited more genetic affinity with the more proximate NEIP (FsT = 0.056) than the more distant SWIP (FsT = 0.104), supporting that the former region was the source for expansion into France. The FsT value between NEIP and SWIP (0.047) was significantly different from zero but this value was considerably lower than that obtained for either allozymes (0.16) or mtDNA (0.81) (Branco, Ferrand, and Monnerot 2000; Branco and Ferrand, unpublished data) .
Population Relationships
The overall pattern of population relationships displayed with NJ networks was highly dependent on the distance matrix used. For two of the three microsatellitespecific distances (dp2 and R,,), the network topology showed little concordance with the three well-defined geographic regions ( fig. 3c , RsT cladogram not shown). The remaining distance measured all generated topologies that were basically concordant with large-scale geography with nodes dividing NEIP, SWIP, and FR ( fig.  3a and b, other cladograms not shown). There were minor inconsistencies in the branching patterns among all networks and no clear geographic pattern was seen within NEIP or SWIP for any distance measure. Compared to Dsw ( fig. 3b) , which is more influenced by nonstepwise differences in allele sizes, both Nei's distance ( fig.  3a) and the allele sharing statistic (data not shown) displayed relatively homogeneous branch lengths and additionally distinguished three specific geographical regions within FR (southwest, southeast, and north of France).
Discussion
Patterns of Genetic Diversity and Differentiation
Genetic variation in Iberian rabbits was found to be significantly higher than rabbits of France, and allelic distribution profiles depicted in figure 2 clearly show that FR populations are a subset of IP populations. However, the two Iberian regions which are highly differentiated at the mtDNA level displayed similar allelic profiles ( fig. 2) , mean variances in allele size across all loci (NEIP = 5.7 -t 2.2 and SWIP = 6.2 + 1.9), and approximately the same mean number of alleles per population (table l). The most striking feature distinguishing these two regions was in the number of private alleles. Based on the diversity and distribution of mtDNA haplotypes, Branco, Ferrand, and Monnerot (2000) suggested that large and stable effective population sizes in SWIP have promoted the maintenance of low-frequency haplotypes as opposed to more fluctuating population sizes in NEIP Whereas rare alleles may be used as a rough measure of gene flow in some situations (qualitatively or quantitatively), different effective population sizes and homoplasy can both result in bias (Slatkin 1985) . We suggest that lower effective population sizes in NEIP have resulted in the loss of many rare alleles in comparison to SWIl? Based on the nearly identical overlapping distribution in allele sizes in these two regions, it is apparent that drift has promoted the loss of alleles in NEIP that correspond to those that are now private in SWIl? Thus, these two regions, which are thought to have supported rabbit populations for equal periods of history (based on equal spans of mtDNA networks), differ at highly variable microsatellite loci not because of new mutations, but because of differential loss of low-frequency alleles. High andlor differential rates of drift should be reflected in at least some microsatellite-specific distance measures such as Goldstein's d p 2 where the mean variance across loci is expected to remain equal in magnitude but undergo a modal shift between two groups of populations over time. However, given allele size range overlap, we must conclude that the mutation spectrum has become saturated during 2 million years of divergence, through a combination of mutation constraints and back mutations that have homogenized allele size distributions as predicted by Nauta and Weissing (1996) . This form of homoplasy, which we refer to as size homoplasy, simply means that alleles are identical in state but have different mutational histories that have led to their present state. This definition neither necessitates nor excludes the possibility that alleles also differ at the sequence level. A mechanistic model for such allele size homogenization for tetranucleotide repeats in humans has recently been shown in Xu et al. (2000) . The only alternative scenario that could explain our observations would be a pattern of long-term, sexbiased dispersal in which females remain in their breeding groups and gene flow is essentially male mediated. However, Ferrand (1995) and Ferrand and Branco (unpublished data) were able to describe a relatively strong phylogenetic signal (compatible with mtDNA) between southwestern and northeastern Iberian rabbits as well as strong population substructure within regions using protein polymorphisms. Likewise, in our study, the large numbers of region-specific private alleles (as opposed to private for the study area) for both NEIP (18) and SWIP (38) suggest fine-scaled population structure in Iberian rabbits. Further evidence for the lack of gene flow over time is seen at the locus sat13 where intermediately sized private alleles (sizes 113, 115, and 127) in NEIP suggest that there has been a sufficient period of isolation for a combination of point mutations andlor a point mutation and subsequent slippage to occur without spreading to SWIP. Such population structure is incompatible with strong gene flow across the Iberian Peninsula. Thus, to our knowledge, we provide the first example of empirically stationary allele distributions across a set of microsatellite loci applied to intraspecific populations in a known phylogeographic context. Despite stationary allele distributions, it is illuminating to evaluate the effectiveness of different genetic distance measures in assessing the genetic relation among populations. Goldstein's dp2 and RsT failed to reveal the three main geographic regions as they depend heavily on detecting differences in allele size variance, a parameter which can become wholly obscured by homoplasy. However, both Nei's distance and DAs are not affected by allele size variances, being more weighted toward demonstrating differences in allele frequencies and the presence or absence of alleles. These measures clearly identified the three main geographic areas, and additionally were concordant with subregion division within France. D, , , which incorporates allelic variance to some extent, also supported differentiation of NEIP, SWIP, and FR, but was discordant with Nei's distance and D,,-based trees in depicting the pattern of differentiation within FR regions.
Colonization of France and Expansion to the North
Our microsatellite data on FR populations clearly reflects depleted levels of genetic diversity when compared with Iberian populations (table 1). The disjunct allelic size distributions in contrast with those displayed by SWIP and NEIP are especially informative in supporting a founder effect resulting from colonization from Iberia. Furthermore, as allelic diversity in FR populations has not been restored, the lack of new mutations supports a very recent (i.e., postglacial) founding event. The derivation of French populations from NEIP is strongly suggested by several microsatellite loci, and especially by the occurrence of alleles 195 at sat4 (totally absent in SWIP), 247 at sat2, 140 at sat8 and 184 at sat7. Within France, the overall results show significant differences in allele frequencies (data not shown) allowing the definition of three population assemblages: southwest, southeast, and the north of France ( fig. 3a) . This pattern suggests a two-step colonization of France by the rabbit. In the first step, rabbits may have expanded following two main geographical routes, colonizing the southwest and the southeast (geographically separated by the mountains of Massif Central) from the Mediterranean region immediately adjacent to the eastern Pyrenees, after a single colonization event. In a second step, the recent colonization of the north of France may have resulted from an expansion of the southwestern group, as indicated by the phylogenetic reconstruction depicted in figure 3a and illustrated in the map of figure 4.
Microsatellites are the most popular genetic markers for answering a wide range of biological questions at the intraspecific level, despite continued dispute concerning the mode and mechanisms of their evolution (Goldstein and Schlotterer 1999) , and several theoretically sound arguments warning of the misleading results that excessive homoplasy will generate (Garza, Slatkin, and Freimer 1995; Nauta and Weissing 1996) . Empirical evaluations of some of these concerns are emerging in studies that compare the congruency of results with other genetic markers, or explore the efficacy of microsatellite data in revealing population subdivisions in welldescribed phylogeographic contexts.
For example, Allendorf and Seeb (2000) compared gene flow estimates among microsatellites, mtDNA, allozymes, and RAPD markers and concluded that there was little difference in F,,-type estimates provided that they are corrected for differing numbers of alleles and heterozygosity. This study was conducted on a set of geographically proximate populations with a shallow evolutionary history, a situation thought to be most appropriate for the application of microsatellites (Takezaki and Nei 1996; Angers and Bernatchez 1998) . However, several studies have successfully applied microsatellite markers in a deeper phylogeographic context as well as across species boundaries. Estoup et al. (1995) found basic concordance between microsatellites and mtDNA for honeybee subspecies, but suggested that allele size homoplasy resulted in underestimation of divergence among major lineages. Similarly, Harr et al. (1998) reported an unambiguous phenetic relation of four closely related species of Drosophila based on 39 microsatellite loci, but these same data provided divergence estimates an order of magnitude or more lower than those based on DNA sequence data. Thus, despite claims that some microsatellite distance measures can be linear with time (Takezaki and Nei 1996) , it is clear that empirical studies often reveal the contrary. Most recently, Balloux et al. (2000) reported severe underestimation of divergence between two chromosomal races of a common shrew based on microsatellites. However, this example is somewhat unique in that there were sex-biased viability differences between the races, for which the evolutionary implications are not yet entirely clear. Thus, while there is ample evidence of homoplasy affecting divergence estimates, and most recently several mechanistic explanations of the dynamics of homoplasy (Ham and Schlotterer 2000; Xu et al. 2000) , there is no empirical study yet that has revealed the stationary distributions predicted by Nauta and Weissing (1996) that will result from even moderate population sizes and some level of divergence. Our data provide a clear example of these predictions, where the pattern of homoplasy is most heuristically explained by considering the mutational spectrum as being filled between two boundaries, one representing the minimal repeat size below which no more slippage occurs, and the other representing a constraint on the maximum size of an allele. The evolutionary his-tory of rabbits in Iberia has been sufficiently long, and population sizes sufficiently large to produce such a phenomenon.
Despite extensive homoplasy, we were nonetheless able to distinguish between major geographic regions, because of fluctuating population sizes in one geographic unit (NEIP) which promoted sufficient drift of some intermediately sized alleles. While our pattern of private allele distributions between areas of refuge (SWIP and NEIP) and expansion (FR) can be seen as being analogous to those obtained for human populations (PerezLezaun et al. 1997 ) it may be dangerous to draw conclusions concerning private alleles when the nature of their evolution in terms of drift, mutation, and shifts in allele size distributions over time is not known.
The clearest example of microsatellites effectively differentiating populations in a phylogeographic context involves a shallow history and constant and relatively small population sizes with N,'s on the order of hundreds of individuals (Goldstein and Schlotterer 1999) . In our study, microsatellites were also most effective in the periphery of the rabbit's native range, where a hypothesized expansion and colonization scenario through the Pyrenees into southern France was well supported. However, even at the intraspecific level, an increasing number of studies are revealing complex evolutionary histories and population dynamics across broad temporal scales (Avise 2000) . In such contexts, the sole use of microsatellites may mislead as often as inform on patterns of genetic differentiation and gene flow among populations. In our study, as in that of Calafell et al. (1998) , there were large differences in the ability of various genetic distance measures to distinguish known phylogeographic pattern. We suggest that without some a priori understanding of historical complexity, in terms of fluctuating population sizes and divergence among populations, the application of various microsatellitebased distance measures may become arbitrary, especially in supporting explicit interpretations as to why populations do or do not appear differentiated.
